The effect of organic solvents or additives was studied for the anion-exchange extraction reaction, (Q•Br)o+ (X-)w ~ (Q•X)o+(Br )W (Q+: liquid anion-exchanger; X: CI-,1 C104 subscripts o and w denote organic and aqueous phases, respectively), with a special interest in the solvation of extracted anionic species by protic solvents or additives. The preference of extraction generally followed the order C104 >1->Br >CI-, whether the solvent is protic or aprotic. However, protic compounds such as phenols, alcohols, sulfonamides, carboxamides, and chloroform when used as solvent or additive showed a mitigating effect on such extraction preference. lipophilic phenols such as p-t-octylphenol (p-(1,1,3,3-tetramethylbutyl)phenol) and p-nonylphenol were especially efficient in enhancing the extractability of small (and thus hydrophilic) anions. The effect of substituents on the phenol was investigated. o-Chlorination or o-bromination of p-t-octyl phenol lead to the increase of small-anion extractability. On the contrary, the 0-nitration considerably lowered the ability of phenolic compound in assisting the extraction of small anions. o,o'-Dibromination and o,o'-dimethylation lead to further lowering of such ability. The mechanism of protic solvation and its importance in determining the extraction selectivity among CI-, Br, 1-, and C104 -were discussed. Liquid-liquid extraction of anionic species in aqueous solution is widely used in analytical and separation chemistry. High-molecular-weight amines and quaternary ammonium salts are the most frequently used as extractants.
Liquid-liquid extraction of anionic species in aqueous solution is widely used in analytical and separation chemistry. High-molecular-weight amines and quaternary ammonium salts are the most frequently used as extractants.
The influence of organic solvent on the extraction efficiency has been investigated by several authors in the case of tertiary amine extractant.'-4 Muller and Diammond have studied the extraction of hydrohalic acids by trilaurylamine and described that the extractability was dependent on the polarity (or dielectric constant) of extraction solvent and that chloroform which carries a slightly acidic (protic) hydrogen exhibited a peculiar behavior on the extraction selectivity among hydrohalic acids. 3 Freiser claimed that the extraction of hydroperrhenic acid by trilaurylamine as well as the extraction of dextromethorphan hydroiodide could be explained in terms of "solubility parameter concept", which is based on the theory that "like dissolves like" and is also derived from "regular solution theory". 4 On the other hand, few studies have been made in regard to the solvent effect on the ion-exchange type extraction using liquid anion-exchanger such as lipophilic quaternary ammonium salts. The extractions of chromium(III)-EDTA complex5 and of zirconium(IV)-chloride complex6 were discussed in terms of solvent polarity and/ or solubility parameter. However, the solvent effect on the extraction selectivity has not yet been studied for such simple inorganic anions as halides and perchlorate. This may be partly because liquid anion-exchangers are difficult to obtain pure . Commercially available liquid anion-exchangers such as Aliquat 3365 (Henkel) and Capriquat (Dojindo Lab.) are of about 85% purity as methyltrioctylammonium chloride.
In the present work, we used a lipophilic phosphonium salt, butyltrioctylphosphonium bromide (BTOP•Br) as liquid anion-exchanger, which could be prepared pure, and systematically investigated the solvent (or additive) effect in the anion-exchange extraction reaction of chloride, bromide, iodide, and perchlorate with particular emphasis on the effect of protic solvation or hydrogen-bonding to the anionic species in organic solution. Such "protic effect" is expected to be an important factor in determining the extraction selectivity among these anions.
Experimental
The preparation of butyltrioctylphosphonium bro-mile (BTOP•Br) was described in the previous paper. Extraction experiments were done as follows. An aqueous sulfuric acid solution (5 mM, pH 2, 10 ml; 1 M=1 mol dm 3) containing 5 mM sodium chloride, 5 mM sodium iodide, or 5 mM sodium perchlorate was shaken with an organic solution (10 ml) containing 5 mM liquid anion-exchanger (BTOP•Br) in a stopuered centrifuge-tube at 25° C for 20 min. After phase separation, the concentration of halide anions in the aqueous phase was determined by halide ion selective electrodes (TOA Electronics Ltd., BR-125 and I-125). In the anion-exchange reaction between bromide and iodide (BTOP•Br-L system), iodide concentration was first determined by iodide ion selective electrode, and then the aqueous solution was treated with an oxidizing agent (hydrogen peroxide).
Molecular iodine formed was removed by extraction with carbon tetrachloride, and the bromide concentration in the remaining aqueous solution was measured by bromide selective electrode. In the anion-exchange reaction between bromide and chloride (BTOP•Br-C1 system) as well as in the exchange reaction between bromide and perchlorate (BTOP•Br-C104 system), only bromide ion in the aqueous phase was determined.
Results and Discussion
Solvent effect in anion-exchange extraction Anion-exchange extraction treated in the present study is conveniently expressed by reaction (1). The effect of organic solvent on the anion selectivity in this extraction reaction is summarized in Table 1 . The notations, Cl-(CI--Br ), Br (Br -I-), and Br (Br -C104-) in Table 1 represent the anion-exchange reactions, chloride-bromide, bromide-iodide, and bromide-perchlorate, respectively. The values in the table indicate the fraction (%) of smaller anion (shown outside of the parenthesis) in the total concentration of anions (=5 mM, extractant concentration) in the organic phase at exchange equilibrium. Therefore, the larger the value, the more selective is the exchange reaction to smaller anions.
For the extraction of ionic species from aqueous solution to organic medium, Born expression may be applied, which leads to Eq. (2) for the free energy change associated with the transfer (aqueous phaseorganic phase) of the ion of radius r and charge Ze. 
where e0 and EW denote the dielectric constants of organic solvent and of water, respectively. It is inferred in Eq. (2) that larger the size and smaller the charge of the ion, the smaller is the (positive) free energy change, the small (positive) value of which facilitates the extraction of the ion concerned. In general EW>Eo holds, so that AFt values are positive when ions are transferred from aqueous to organic solution. Therefore, in an ideal ion-exchange extraction of spherical anions, socalled lipophilicity of ions or extraction selectivity should follow the order of ionic radius, i.e., perchlorate>iodide>bromide>chloride.
In the case of such aprotic solvents as carbon tetrachloride, toluene, Table  1 Solvent effect on anion-exchange extractiona 1,2-dichloroethane, and nitrobenzene, the distribution of small anions to organic phase is relatively low ( Table  1 ), indicating that the selectivity order mentioned above is basically followed.
When protic compounds such as pentanol, octanol, N-methylhexanamide, and N-(2-ethylhexyl)trifluoroacetamide were used as extraction solvent, higher values were obtained for the extraction of small ions when compared with those in the case of aprotic solvents (Table 1 ). The enhanced extraction of small anions is accounted for by the stabilization of hydrophilic anions through hydrogen-bonding by protic solvent (protic solvation). The effect of protic solvent in enhancing small-anion extraction selectivity decreased in the order, alcohol>amide>chloroform, as is commonly seen elsewhere.12 ' 13 Effect of protic additive in anion-exchange extraction
The effect of protic additives, sulfonamide and phenol, was studied in toluene for bromide-iodide and bromide-perchlorate anion-exchange reactions ( Table  2 ). The addition of lipophilic phenols, p-t-octylphenol and p-nonylphenol, resulted in considerable increase in the transfer (to organic solution) of small ion (Br), indicating that these additives are capable of stabilizing small anions in aprotic organic solution.
In considering proton-dissociation constants in aqueous media, sulfonamides possess an acidity comparable to that of phenols.
Nevertheless, the anion-stabilizing effect of N methyloctanesulfonamide as protic additive is not high, being only comparable to that of alcohol (pentanol, Table 2 ). This suggests that the extent of solvation of anionic species by protic compounds can not simply be determined by their proton-dissociation constants in aqueous solution. One may have to consider such a factor as steric congestion around the acidic hydrogen which takes part in hydrogen-bonding with anionic species. This is discussed in more detail below.
Effect of phenol derivatives
Since phenols proved to be especially effective in promoting the transfer of small anions into non-polar solvent, we prepared several substituted phenols and studied their anion-stabilizing property in bromideiodide anion-exchange reaction ( Table 3) . The notation (Br )o in the table represents the percentage of bromide ion remaining in the organic phase after ionexchange reaction. Here again, the larger the value, the higher is the selectivity to bromide ion (smaller anion).
The Table 3 indicate the total concentration of bromide and iodide ions in the aqueous phase at extraction equilibrium, which must be equal to 5 mM if reaction (1) is followed, since the concentration of iodide initially used in the aqueous phase is 5 mM. The concentration over 5 mM then suggests that an ion-pair complex is formed in organic phase between the phosphonium cation (BTOP+) and phenolate anion (rather than halide). Such a complex is formed if the phenol added in the organic phase (toluene) releases proton to give phenolate anion rather than simply acting as proton donor in hydrogen-bonding. The proton released goes into aqueous phase as hydrohalic acid, resulting in an increased halide ion concentration in the aqueous solution (reaction (3)).
values [Br ]W+[I-]W in
The o-chlorinated and o-brominated derivatives are more efficient in assisting bromide extraction than unsubstituted p-t-octylphenol (Table 3 . No. 1-3 ). This is because proton-donating ability of the phenol is Table 2 Effect of protic additives on anion-exchange extraction (toluene-water)a Table 3 Effect of phenol derivatives as protic anion-exchange extraction (toluene-water)a additive in enhanced by the introduction of electron-withdrawing group in the aromatic nucleus. As shown in Fig. 1 , the bromide-extraction selectivity against iodide rose sharply as the concentration of added phenols increased up to about 10 mol%. However, such a sharp rise leveled off after this concentration.
The addition of o, o'-dibromo-derivative to toluene gave no effect (No. 4); the selectivity is almost equal to that in the absence of phenolic additive. The two bulky bromo-groups at vicinal positions of the hydroxy group sterically interfere with the interaction of the resulting anionic species with proton-donors through hydrogen-bonding. Similarly, o,o'-dimethyl derivative exhibited no protic effect (No. 6).
The addition of o-nitro-substituted phenol resulted in a considerable depression of bromide-extraction selectivity in comparison with that of unsubstituted phenol (No. 5). The nitro-group is much more electron-withdrawing than chloro-or bromo-group, and its introduction is expected to increase the protic nature of phenol and enhance bromide-extraction selectivity. However, the formation of intramolecular hydrogen-bond (chelate-ring formation comprising hydroxy-and nitro-groups) in the organic phase caused the lowering of intermolecular hydrogen-bonding capability with extracted anions.
In the case of p-octyloxycarbonylphenol, phenolate formation in organic solution took place to some extent (No. 7). This is indicated by the increase of total halide concentration in the aqueous phase after the extraction. p-Octyloxycarbonylphenol seems to represent some critical acidity of the phenolic additives for reaction of the type shown in reaction (3), since apparently more acidic additives tested such as pnitrophenol and lipophilic carboxylic acid (e.g. lauric acid) proved to result in the completion of reaction (3) to the right side.
An additive effect of phenols was investigated for bromide-perchlorate exchange reaction. The result is summerized in Table 4 . The effect was greater than those found in bromide-iodide exchange reaction for all the phenol additives, since the difference in size between bromide and perchlorate ions is greater than that between bromide and iodide ions. Introduction of substituent into the phenol gave similar effect to those in the iodide-exchange reaction; o-monohalogenation rendered phenols to behave as more efficient protondonor, while o,o'-dibromination and o-nitration deprived the phenols of protic-solvation capability.
In the case of bromide-chloride exchange reaction, the use of phenolic additives proved to lead to considerable proton-dissociation (reaction (3)).
It is emphasized that reaction (3) does take place with p-toctylphenol when a toluene solution of BTOP•Br and the phenol is in contact with pure water. The reaction is suppressed, as expected, by an addition of bromide, iodide or perchlorate salt to water.
Chloride is obviously too hydrophilic (as compared with iodide or perchlorate) to compete with phenolate anion in ionpair formation with the phosphonium ion, and thus can not suppress the proton-dissociation (reaction (3)) of phenol under the concentration used ([Cl-]W=5 mM before extraction). The reaction is also suppressed by acidifying the aqueous solution by sulfuric acid, and this widens the studying conditions of the present anion-exchange reaction. This aspect, however, will not be treated in this paper.
Factors determining the anion-exchange selectivity
From the electrostatic point of view, the following is Tables 1 and 3 . Since BTOP (which is an extremely bulky, spherical cation) is used throughout this study, the interaction (i) mentioned above needs not be considered as factor affecting anion extraction selectivity.
As to the interaction of type (iii), one can inspect the extraction with nitrobenzene as solvent (Table 1) . Nitrobenzene, which is weakly basic and has a high dielectric constant, is known to strongly stabilize the extracted ionic species through electrostatic Bipolar solvation. However, as Table 1 shows, the anion extraction selectivity in nitrobenzene is similar to those in other aprotic solvent of low dielectric constant. This indicates that the dipole interaction does not play any signigicant role in determining the present anion extraction selectivity. The data in Table 1 also indicate that the anion selectivity does not correlate with solubility parameters.
All the above considerations support the idea that the additive effect of phenols arises from their protic interaction with anions in organic solution. Recently, in the field of liquid-membrane-type ion selective electrodes, it is reported that the selectivity toward benzoate and benzenesulfonate anions is enhanced by addition of alcohols and phenols to the sensing membrane, resulting in the reduction of interference from perchlorate and thiocyanate.14"5 Obviously, an intended use of protic solvation effect can open a new possibility not only in solvent extraction but also in ion selective electrode analysis for an improved selectivity for analyte anions.
